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Trace  impurities  in  coal-derived  syngas  pose  a  threat  on  the  performance  and  durability  of  solid  oxide 
fuel  cells  (SOFCs)  operated  in  syngas.  A  Ni-YSZ/YSZ/Ni-YSZ  (YSZ  stands  for  yttria-stabilized  zirconia) 
half-cell  is  constructed  in  order  to  evaluate  the  effects  of  a  phosphorus  impurity  on  the  performance 
of  the  Ni-YSZ  cermet  anode  in  the  simulated  coal-derived  syngas  containing  30.6%  H2,  30%  CO,  11.8% 
C02, 27.6%  H20  and  20  ppm  PH3.  Electrochemical  impedance  analysis  shows  that  both  the  charge  transfer 
resistance  and  the  diffusion  resistance  increase  with  time  during  exposure  to  the  P-containing  syngas. 
The  diffusion  resistance  increases  faster  than  the  charge  transfer  resistance.  X-ray  diffraction  (XRD)  and 
X-ray  photoelectron  spectroscopy  (XPS)  studies  show  that  phosphorus  is  incorporated  into  the  Ni-YSZ 
electrode,  leading  to  the  formation  of  secondary  phases  of  nickel  phosphate  and  zirconium  phosphate. 
The  incorporation  of  phosphorus  into  the  anode  is  accelerated  by  an  applied  electric  field. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

A  solid  oxide  fuel  cell  (SOFC)  is  an  electrochemical  device  that 
directly  converts  chemical  energy  of  fuels  to  electrical  energy. 
SOFCs  have  greater  fuel  flexibility  than  other  types  of  fuel  cells, 
which  allows  SOFCs  to  operate,  in  principle,  with  any  combustible 
fuel  [1-3].  So  far,  H2  [4,5],  natural  gas  [6],  biogas  [7]  as  well  as  coal- 
derived  syngas  have  been  used  in  SOFCs  [8-10].  The  use  of  syngas 
derived  from  coal  or  biomass  has  received  much  attention  in  recent 
years  [11-13].  Direct  utilization  of  coal-derived  syngas  (CSG)  as  the 
fuel  for  SOFCs  increases  the  energy  efficiency  and  reduces  the  oper¬ 
ation  cost  of  power  generation,  enables  the  co-production  of  other 
marketable  commodities  such  as  hydrogen,  and  provides  flexibil¬ 
ity  for  carbon  dioxide  sequestration  [14].  Flowever,  coal-derived 
syngas  generally  contains  various  trace  impurities  such  as  phos¬ 
phorus,  arsenic,  mercury,  selenium,  vanadium  and  zinc  [15-17]. 
SOFC  anodes  that  are  operated  in  such  ‘dirty’  CSG  gases  are  sub¬ 
ject  to  degradation  due  to  the  attack  of  the  trace  impurities.  Among 
all  the  impurities  in  the  coal  syngas,  phosphorus  compounds  could 
cause  severe  performance  degradation  of  SOFC  anodes.  Krishnan 
et  al.  have  found  that  10  ppm  HP02  in  the  fuel  causes  the  reduc¬ 
tion  of  the  SOFC  power  output  at  750  and  800  °C  [18].  Trembly  et 
al.  also  have  concluded  that  the  P-containing  vapor  reacts  with  the 
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Ni  anode  material  to  form  Ni5P2  [19].  However,  at  a  high  partial 
pressure  of  oxygen  in  the  coal  syngas  (H20  and  C02),  it  is  possible 
that  PH3  is  oxidized  to  the  thermodynamically  favored  P2Os  [19]. 
Based  on  Krishnan’s  calculation,  PH3(g)  would  be  hydrolyzed  to 
form  HP02  vapor  at  atmosphere  pressure  at  700-900  °C  [18].  How¬ 
ever,  the  microstructure  evolution  of  the  Ni-YSZ  electrode  in  the 
P-containing  syngas  remains  unclear. 

In  the  present  work,  the  electrochemical  behavior  of  the  Ni-YSZ 
anode  in  ‘dirty’  syngas  is  reported.  Also,  the  degradation  mech¬ 
anism  of  the  Ni-YSZ  anode  in  the  PH3 -containing  syngas  is 
discussed.  Understanding  the  fundamental  degradation  mecha¬ 
nism  of  the  SOFC  anode  operated  in  impurity-containing  syngas 
is  important  not  only  for  ensuring  the  longer  life  time  of  SOFC  sys¬ 
tems  but  also  for  developing  new  anode  materials  that  resist  the 
attack  of  impurities. 

2.  Experimental  methods 

A  symmetrical  Ni-YSZ/YSZ/Ni-YSZ  half  cell  was  constructed  in 
this  study,  where  YSZ  stands  for  8  mol%  yttria-stabilized  zirconia. 
Fig.  1  shows  the  configuration  of  the  half-cell.  A  150  pim  thick  YSZ 
disc  was  used  as  the  electrolyte.  A  50  pirn  thick  NiO/YSZ  cermet 
(50/50)  was  screen-printed  on  the  two  sides  of  the  YSZ  disc  as 
the  working  and  the  counter  electrodes  (WKG  and  CTR).  A  Pt  ring 
(approximate  1  mm  wide)  was  painted  near  the  edge  of  the  elec¬ 
trolyte  disc  on  the  WKG  side  as  the  reference  electrode  (REF).  The 
separation  between  the  REF  and  the  WKG  was  about  2  mm  to  avoid 
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Fig.  1.  Configuration  of  the  half-cell. 


the  adverse  effect  of  the  alignment  of  the  reference  electrode  [20]. 
Ni  mesh  strips  with  nickel  paste  in  contact  with  each  Ni-YSZ  elec¬ 
trode  were  used  as  the  current  collectors. 

The  half-cell  was  placed  at  the  center  of  a  quartz  tube  inside  a 
tube  furnace.  A  thermocouple  was  placed  adjacent  to  the  half-cell 
to  monitor  the  temperature.  The  electrode  was  heated  to  650  °C  at 
1  °Cmin-1  in  N2  prior  to  testing.  H2  was  introduced  and  the  cell 
temperature  was  raised  to  900  °C  to  reduce  NiO  to  Ni.  The  quartz 
tube  was  fed  with  three  types  of  fuel  gases:  (i)  H2  +  3%  H20,  (ii)  sim¬ 
ulated  clean  coal  syngas  (30.6%  H2,  30%  CO,  11.8%  C02,  and  27.6% 
H20),  and  (iii)  simulated  coal  syngas  containing  20  ppm  PH3.  The 
P  impurity  was  introduced  to  the  quartz  tube  with  a  PH3/N2  gas 
mixture.  The  total  flow  rate  was  controlled  in  the  range  from  150  to 
200  seem  (standard  cubic  centimeter  per  minute)  by  the  mass  flow 
controllers.  A  humidity  bottle  was  employed  to  achieve  the  desired 
water  vapor  partial  pressure.  A  direct  current  (DC)  load  was  applied 
between  the  working  electrode  and  the  counter  electrode.  Two 
leads  were  connected  to  the  working  electrode  and  the  reference 
electrode  to  obtain  electrochemical  impedance  spectroscopy  (EIS). 
The  impedance  spectra  were  measured  with  a  Solartron  SI  1260 
impedance/grain-phase  analyzer  at  AC  amplitude  of  10  mV  at  fre¬ 
quencies  ranging  from  300  kHz  to  0.1  Hz.  The  impedance  data  were 
fitted  by  the  commercial  Zview®  software  to  obtain  the  parame¬ 
ters  in  the  simulated  equivalent  circuit.  In  addition,  a  plot  of  current 
density  as  a  function  of  time  was  obtained  when  +0.7  V  DC  bias  was 
applied  between  the  working  electrode  and  the  counter  electrode. 

The  morphology  of  the  Ni-YSZ  anode  was  examined  with  a 
Hitachi  S-4700  scanning  electron  microscope  (SEM).  The  crystal 
structure  of  the  anode  was  determined  with  a  Panalytical  X-ray 
diffractometer  (XRD)  equipped  with  a  thin  film  stage.  The  chemical 
status  and  chemical  composition  of  the  anode  was  characterized 
with  an  Omicron  ESCA  PROBE  X-ray  photoelectron  spectroscopy 
(XPS).  XPS  was  performed  with  a  monochromatic  Al  Ka  radiation 
( 1486.6  eV)  with  an  operating  power  of  300  W. 


900°C 


Fig.  2.  Effect  of  the  fuel  gas  on  the  DC  current  (driven  by  the  DC  bias  of  0.7  V). 

the  current  density  decreased  steadily  with  time,  suggesting  that 
the  cell  was  undergoing  degradation  and  that  the  total  resistance 
(ohmic,  polarization  and  mass  transfer)  of  the  cell  was  increasing. 

To  probe  the  underlying  degradation  mechanism  of  the  half¬ 
cell  in  the  PH3 -containing  syngas,  two  sets  of  electrochemical 
impedance  data  were  obtained.  One  set  was  acquired  at  the  open 
circuit  (no  DC  current  between  the  working  electrode  and  the 
counter  electrode).  The  other  set  was  acquired  at  the  loading  poten¬ 
tial  of +0.7  V  (WKG  electrode  vs.  CTR  electrode).  The  impedance  data 
were  collected  every  4  h.  Two  arcs  were  observed  in  the  Nyquist 
plots  of  impedance  (Fig.  3).  The  intercept  of  the  high  frequency  arc 
yielded  the  ohmic  series  resistance  of  the  cell.  It  exhibited  a  low 
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rf-  6-^15-  (g)  Syngas  +  20ppm  PH3  for  12  h 
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3.  Results  and  discussions 

3.1.  Electrochemical  measurement 

A  half-cell  was  exposed  to  different  fuel  gases  at  900  °C.  A  DC  bias 
of  0.7  V  was  applied  between  the  working  electrode  and  the  counter 
electrode  to  drive  the  current  through  the  cell.  The  WKG  electrode 
bias  was  positive  to  drive  the  oxidation  of  hydrogen  to  water.  The 
CTR  electrode  was  simultaneously  reducing  water  vapor  to  hydro¬ 
gen.  The  cell  was  initially  exposed  to  the  wet  H2  gas  (97%  H2  +  3% 
H20)  for  4h.  The  feed  gas  was  then  switched  to  the  clean  syngas 
for  12  h,  followed  by  the  dirty  syngas  containing  20  ppm  PH3  for  an 
additional  12  h.  It  can  be  seen  from  Fig.  2  that  the  current  density  of 
0.75  A  cm-2  remained  constant  during  exposure  to  the  wet  H2  gas. 
When  the  fuel  gas  was  switched  to  the  simulated  clean  syngas,  the 
current  density  dropped  immediately.  The  lower  current  density  is 
attributed  to  the  lower  rates  of  mass  of  transfer  of  CO  relative  to  H2. 
While  exposed  to  the  clean  syngas  condition,  the  current  density 
was  very  stable.  When  20  ppm  PH3  was  introduced  into  the  syngas, 
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Fig.  3.  Nyquist  plot  of  impedance  obtained  from  the  half-cell  at  900  °C:  (a)  under 
the  open  circuit  condition  and  (b)  at  +0.7  V  potential  applied  between  the  working 
electrode  and  the  counter  electrode. 
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value  (0.2  £2 cm2)  and  was  invariant  within  experimental  uncer¬ 
tainty  during  the  successive  gas  exposures.  The  impedance  plot  did 
not  change  after  the  half-cell  was  exposed  to  the  clean  syngas  for 
12  h,  which  implies  that  the  cells  were  not  subject  to  any  notice¬ 
able  degradation  during  exposure  to  the  clean  syngas.  However, 
after  20  ppm  PH3  was  introduced  into  the  reactant  gas,  the  total 
polarization  resistance  of  the  electrode  increased  with  the  exposure 
time. 

In  Fig.  3,  the  arc  at  the  high  frequency  regime  with  the  char¬ 
acteristic  frequency  of  ~104Hz  is  attributed  to  the  impedance  of 
the  charge  transfer  processes  occurring  at  the  electrolyte/electrode 
interface  and  at  the  Ni/YSZ  interface,  because  the  characteristic 
frequency  of  such  processes  usually  is  larger  than  104Hz  [21,22]. 
The  arc  at  the  low  frequency  regime  (characteristic  frequency  ca. 
102  Hz)  is  attributed  to  the  bulk  capacitance  and  the  chemical  pro¬ 
cesses  including  adsorption,  surface  migration,  bulk  migration,  and 
other  mechanistic  steps.  An  equivalent  circuit  model  is  proposed 
(Fig.  4)  to  interpret  the  experimental  impedance  data.  In  this  model, 
L  is  defined  as  the  inductance  associated  with  the  long  leads  from 
the  impedance  system  to  the  half-cell.  C  is  the  bulk  capacitance.  fte 
represents  the  resistance  of  the  electrolyte  and  the  contact  resis¬ 
tance  of  the  whole  circuit.  ftp  is  the  charge  transfer  resistance  that 
controls  the  Faradaic  current.  CPEp  is  a  double-layer  constant  phase 
element.  The  impedance  of  CPE  can  be  expressed  by  ZCPE  =  1  IY(jaj)n 
where  Y  is  the  pseudo-capacitance,  oo  is  radial  frequency  ( co=27zf) 
and  n  is  the  exponent  constant.  Wdiff  is  the  Warburg  diffusion  ele¬ 
ment  that  reflects  the  gas  diffusion  to  the  electrode.  The  Warburg 
impedance  can  be  expressed  by  Zw  =  ^wtanh(jYc6))a5/(jYc6))a5.  ftw 
is  derived  from  the  Warburg  diffusion  element  and  represents  the 
diffusion  resistance. 

The  low  frequency  arc  was  pulled  down  toward  the  Zreal-axis 
when  either  the  H2  concentration  or  the  DC  bias  increased  (Fig.  3). 
As  the  DC  bias  increased  from  0  to  +0.7  V,  the  charge  transfer  resis¬ 
tance  ftp  decreased  while  the  diffusion  resistance  remained  almost 
constant  (data  not  shown  here).  Obviously,  this  trend  suggests  that 
ftp  is  governed  by  an  electrochemical  reaction,  because  only  the 
impedance  corresponding  to  charge  transfer  of  an  electrochemi¬ 
cal  reaction  can  be  reduced  by  an  applied  bias  [23]  as  indicated 
by  Butler-Volmer  equation  [24].  It  is  not  surprising  that  the  gas 
diffusion  remains  constant,  as  indicated  by  the  constant  value  of 
the  Warburg  element,  because  diffusion  is  dependent  on  the  con¬ 
centration  gradient,  as  determined  by  the  partial  pressure  of  the 
reactants  H2  or  H20  in  the  gas  phase  and  in  the  reaction  zone  next 
to  the  electrolyte. 

The  values  of  the  circuit  elements  at  the  different  conditions 
were  calculated  as  listed  in  Table  1.  The  ohmic  series  resistance 
was  0.18-0.24  £2  cm2.  The  values  of  ftp  and  ftw  under  different  con¬ 
ditions  are  graphically  compared  in  Fig.  5.  The  ftp  and  ftw  values 
for  two  sets  of  impedance  data  are  normalized  with  respect  to  the 
initial  values  in  the  wet  hydrogen  gas  so  that  the  relative  increase 
in  these  parameters  can  be  compared.  Both  ftp  and  ftw  values  in 
the  clean  syngas  are  larger  than  the  corresponding  values  in  the 
wet  H2  gas,  which  is  consistent  with  the  drop  in  DC  current  upon 
changing  from  wet  hydrogen  to  the  clean  syngas.  Both  ftp  and  ftw 
remain  constant  during  exposure  either  to  the  clean  syngas  or 
to  the  wet  H2  gas.  However,  both  the  charge  transfer  resistance 


Table  1 

Parameters  of  the  equivalent  circuit  at  the  different  conditions  at  900  °C 


Rp  (£2 cm2) 

Rw  (£2  cm2) 

X2 

Open  circuit 

h2 

0.61 

0.33 

1.8E-5 

Clean  syngas 

0.87 

0.70 

1.7E-5 

Syngas  +  20  ppm  PH3 ,  4  h 

5.01 

0.99 

2.8E-5 

Syngas  +  20  ppm  PH3 ,  8  h 

6.12 

1.51 

3.3E-5 

Syngas  +  20  ppm  PH3 , 12  h 

7.11 

2.52 

2.9E-5 

Loaded 

h2 

0.93 

0.12 

5.8E-6 

Clean  syngas 

1.02 

0.26 

2.4E-6 

Syngas  +  20  ppm  PH3 ,  4  h 

5.23 

1.09 

8.5E-6 

Syngas  +  20  ppm  PH3 ,  8  h 

8.36 

2.38 

4.2E-6 

Syngas  +  20  ppm  PH3 , 12  h 

15.74 

6.90 

3.2E-6 

Note:  x2  reflects  the  deviation  of  the  experimental  data  and  the  fitting  data. 


(ftp)  and  the  diffusion  resistance  (ftw)  increase  with  time  during 
exposure  to  the  PH3 -containing  syngas.  This  increase  suggests  that 
the  incorporation  of  phosphorus  impurity  into  the  electrode  not 
only  impedes  the  charge  transfer  but  also  blocks  the  channels  of 
gas  diffusion.  The  normalized  diffusion  resistance  increases  faster 
than  the  normalized  charge  transfer  resistance.  The  impedance  plot 
after  12  h  of  exposure  to  the  P-containing  syngas  at  a  loading  of 
+0.7  V  shows  a  linear  tail  at  low  frequencies  (Fig.  3(b)),  implying 
that  the  impedance  is  dominated  by  the  diffusion  of  the  reactant 
gases.  This  observation  suggests  that  the  porous  microstructure  of 
the  electrode  was  destroyed.  Furthermore,  both  the  charge  transfer 
resistance  and  the  diffusion  resistance  under  the  loading  potential 
are  larger  than  those  resistances  at  the  open  circuit.  In  other  words, 
the  application  of  an  electric  field  appears  to  accelerate  the  degra¬ 
dation  of  the  electrode  in  the  ‘dirty’  syngas.  The  evidence  presented 
below  suggests  that  the  degradation  occurs  at  the  anode. 

3.2.  Analysis  of  chemical  composition  and  microstructure  of 
anode 

In  order  to  elucidate  the  reason  for  the  change  in  both  the  charge 
transfer  resistance  and  the  diffusion  resistance  in  the  ‘dirty’  syn¬ 
gas,  the  microstructural  evolution  of  the  Ni-YSZ  working  electrode 
was  examined  after  exposure  to  the  PH3 -containing  syngas.  The 
CTR  electrode  was  not  examined,  because  attention  was  focused 
on  the  electrode  at  which  the  fuel  gas  is  oxidized  in  the  SOFC. 
Fig.  6  shows  the  SEM  images  of  the  working  electrode  of  the 
half-cell.  The  Ni-YSZ  electrode  shows  a  well-defined  matrix  struc¬ 
ture  with  the  presence  of  many  pores  after  exposure  to  the  clean 


Fig.  5.  Charge  transfer  resistance  (i?p)  and  diffusion  resistance  (Rw)  derived  from  the 
impedance  spectra  obtained  at  900  °C. 
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Fig.  6.  SEM  images  of  the  Ni-YSZ  working  electrode  surface:  (a)  the  electrode  after 
exposure  to  the  clean  syngas  (clean  cell),  (b)  the  electrode  after  exposure  to  the 
PH3 -containing  syngas  at  the  open  circuit  and  (c)  the  electrode  after  exposure  to 
the  PH3 -containing  syngas  at  the  applied  DC  bias  of  0.7  V. 

syngas  (Fig.  6(a)).  After  exposure  to  the  ‘dirty’  syngas,  the  particles 
in  the  electrode  were  coarsened  and  the  porosity  was  significantly 
reduced  (Fig.  6(b)).  At  the  DC  bias  of  0.7  V,  the  structure  became 
much  worse  (Fig.  6(c)).  The  round-shaped  particles  disappeared  on 
the  electrode  surface  while  the  flat  flake-like  particles  appeared. 
The  porosity  was  reduced  remarkably,  leading  to  severe  block¬ 
age  of  the  gas  channels.  Therefore,  it  is  understandable  that  the 
impedance  plot  shows  a  Warburg  tail  after  12  h  of  exposure  to  the 
‘dirty’  syngas  at  a  loading  of  0.7  V  (Fig.  3(b)). 

Fig.  7  reveals  the  XRD  patterns  obtained  from  the  Ni-YSZ  work¬ 
ing  electrode.  Metallic  Ni  and  YSZ  were  the  major  phases  observed 
in  the  electrode  after  exposure  to  the  clean  syngas  (Fig.  7(a)).  A 
trace  amount  of  NiO  was  found  in  this  sample.  The  formation  of 
NiO  may  be  due  to  the  exposure  of  the  electrode  to  moisture  during 
cooling.  After  exposure  to  the  PFI3 -containing  syngas  at  the  open 


*  YSZ  •  Ni3(P04)2 


Fig.  7.  XRD  patterns  of  the  Ni-YSZ  working  electrode:  (a)  the  electrode  after 
exposure  to  the  clean  syngas  (clean  cell),  (b)  the  electrode  after  exposure  to  the 
PH3 -containing  syngas  at  the  open  circuit  (open  circuit  cell)  and  (c)  the  electrode 
after  exposure  to  the  PH3 -containing  syngas  at  the  applied  DC  bias  of  0.7  V  (loaded 
cell). 

circuit,  Ni3(P04)2  and  ZrP207  were  found  in  the  electrode  besides 
YSZ,  Ni  and  NiO  (Fig.  7(b)).  For  the  loaded  cell  (Fig.  7(c)),  metallic  Ni 
completely  disappeared  and  the  amount  of  YSZ  was  reduced  con¬ 
siderably.  In  this  case,  Ni3(P04)2  was  the  dominant  phase,  although 
a  small  amount  of  YSZ  was  present. 

In  the  present  work,  such  a  low  concentration  of  PFI3  is  enough  to 
convert  a  large  amount  of  Ni  to  Ni3(P04)2,  because  the  P-containing 
compound  can  be  concentrated  in  the  adsorbate  on  the  solid  sur¬ 
face.  Similar  phenomena  have  been  reported  in  previous  studies 
[16].  For  example,  1  ppm  AsFI3  in  the  syngas  was  able  to  convert 
Ni  to  NiAs  in  the  SOFC  anode  [16].  In  addition,  YSZ  coatings  used 
in  land-based  industrial  engines  and  sea  engines  are  usually  oper¬ 
ated  with  low-quality  fuels  containing  sulfur  and  vanadium  in  the 
range  of  <100  ppm  [25].  After  combustion,  the  V205  content  in  the 
ash  deposit  on  the  coating  surface  can  be  concentrated  to  a  much 
higher  level,  leading  to  severe  corrosion  of  YSZ  due  to  the  attack  by 
the  concentrated  V  impurity  in  the  adsorbate  on  the  YSZ  surface 
[26]. 

Although  the  P  impurity  is  introduced  to  the  fuel  gas  with  the 
form  of  PFI3,  it  may  be  converted  to  other  forms  under  the  equi¬ 
librium  condition  at  the  testing  temperature.  To  account  for  the 
formation  of  phosphate  phases,  the  following  reaction  may  be  con¬ 
sidered  under  the  testing  conditions: 

PH3(g)  +  4H20(g)  =  H3P04(g)  +  4H2(g)  (1) 

The  Gibbs  free  energy  change  for  the  above  reaction  is 
-407.8  kj  mol-1  based  on  the  calculation  with  the  thermodynamic 
data  provided  by  the  National  Institute  of  Standard  and  Technology 
(NIST)  database  [27].  The  conversion  of  PFI3  to  FI3P04  in  the  gas 
phase  is  thermodynamically  favored  under  the  testing  condition. 
The  phosphoric  acid  formed  can  attack  the  nickel  electrode  and  YSZ 
electrolyte  to  form  corresponding  phosphate  species.  Therefore,  it 
is  not  surprising  that  nickel  phosphate  is  formed  rather  than  nickel 
phosphide. 

XPS  was  used  to  examine  the  outer  surface  layer  of  the  working 
electrode,  where  the  electrode  surface  is  directly  exposed  to  the 
PH3 -containing  syngas.  Survey  scans  were  performed  to  identify 
the  elemental  composition  of  the  electrode  surface.  Detailed  scans 
of  the  specific  core  levels  of  individual  elements  were  employed 
to  examine  the  chemical  structure  of  the  electrode  surface.  Fig.  8 


M.  Zhi  et  al.  /  Journal  of  Power  Sources  183  (2008)  485-490 


489 


0  200  400  600  800  1000 

Binding  Energy  (eV) 

Fig.  8.  Survey  scan  of  the  XPS  spectra  obtained  from  the  Ni-YSZ  working  electrode 
under  different  experimental  conditions :  ( i)  the  electrode  after  exposure  to  the  clean 
syngas  (clean  cell),  (ii)  the  electrode  after  exposure  to  the  PH3 -containing  syngas 
at  the  open  circuit  (open  circuit  cell),  and  (iii)  the  electrode  after  exposure  to  the 
PH3 -containing  syngas  at  the  applied  DC  bias  of  0.7  V  (loaded  cell). 


shows  the  survey  scan  of  the  Ni-YSZ  working  electrodes.  Phos¬ 
phorus  was  not  detected  in  the  XPS  spectrum  of  the  electrode 
after  exposure  to  the  clean  syngas  (clean  cell).  In  contrast,  the  P 
2p  peaks  appeared  in  the  spectrum  of  the  electrode  after  expo¬ 
sure  to  the  PH3 -containing  syngas  at  the  open  circuit,  and  the 
intensity  of  the  Zr  3d  peaks  decreased  significantly.  After  expo¬ 
sure  to  the  PH3 -containing  syngas  at  an  applied  DC  bias  of  0.7  V, 
only  the  peaks  associated  with  P,  Ni  and  O  were  found  in  the  XPS 
spectrum.  The  Zr  peaks  completely  disappeared.  One  mechanism 
accounting  for  this  observation  requires  nickel  to  diffuse  outward  to 
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Fig.  9.  (a)  XPS  spectrum  of  the  P  2p  core  level,  (b)  XPS  spectrum  of  the  Ni  2p  core 
level  and  (c)  XPS  spectrum  of  the  Zr  3d  core  level. 

the  electrode  surface  under  the  applied  electric  field.  This  process 
accelerates  the  reaction  of  Ni  with  P  impurity,  and  thus  buries  the 
YSZ  underneath  the  Ni3(P04)2  layer.  The  underlying  mechanism  of 
the  accelerated  incorporation  of  P  into  the  electrode  by  an  applied 
DC  bias  needs  to  be  further  studied  in  detail  in  the  future.  One  of 
the  possible  causes  is  electromigration,  a  common  diffusion  phe¬ 
nomenon  [28,29].  Electromigration  is  the  mass  transport  induced 
by  the  gradual  movement  of  the  ions  in  a  conductor  due  to  the 
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momentum  transfer  between  conducting  electrons  and  diffusing 
atoms.  Two  driving  forces  are  responsible  for  the  migration  of  the 
ionized  atoms  [28].  One  is  the  direct  force  that  exerts  direct  action  of 
the  external  field  on  the  charge  of  the  migrating  ion.  Another  is  the 
“electron  wind”  force  from  the  exchange  of  momentum  with  other 
charge  carriers.  Electromigration  has  drawn  intense  attention  in 
metal/semiconductor  systems  [30].  Recently,  electromigration  was 
suggested  to  be  responsible  for  the  re-distribution  of  elements  at 
the  Ni-YSZ  interface  in  a  SOFC  [31  ]. 

Fig.  9(a)-(c)  reveals  the  detailed  scans  of  the  P  2p,  Ni  2p,  and  Zr 
3d  core  levels,  respectively.  The  P  2p  peak  at  133  eV  is  assigned  to 
phosphates  [32].  The  Ni  2p3/2  peak  at  854.1-854.7  eV  corresponds 
to  nickel  oxide  [33].  The  Ni  2p3/2  peak  at  856.3  eV  is  assigned  to 
nickel  phosphate  [34].  The  Zr  3d  doublet  centered  at  182.5  and 
184.9  eV  is  in  agreement  with  the  reported  values  for  YSZ  [35].  The 
Zr  3d5/2  peak  at  183.0  eV  is  attributed  to  zirconium  phosphate  [36]. 
In  the  XPS  spectra  of  the  electrode  after  exposure  to  the  clean  syn¬ 
gas  (clean  cell),  no  P  peak  was  found  while  the  intensity  of  the  Zr 
3d  peak  was  very  strong.  After  exposure  to  the  ‘dirty’  syngas,  the  P 
peak  became  clearly  visible  while  the  height  of  the  Zr  3d  peak  was 
reduced  considerably.  At  a  loading  of  0.7  V,  Zr  was  not  detected. 

XPS  and  XRD  measurements  have  clearly  demonstrated  that  the 
secondary  phases  are  formed  due  to  the  incorporation  of  P  into  the 
electrode.  The  conversion  of  metallic  Ni  to  nickel  phosphate  causes 
the  electrode  to  lose  the  electrocatalytic  activity  toward  oxidation 
of  the  fuel  gas.  The  transformation  of  YSZ  to  ZrP207  inhibits  the 
ability  of  the  electrode  to  transport  oxygen  ions  in  the  electrode. 
Therefore,  the  charge  transfer  resistance  increases  with  time  during 
exposure  to  the  PH3 -containing  syngas. 

4.  Conclusions 

The  presence  of  20  ppm  PH3  in  coal  syngas  causes  a  poisoning 
effect  on  the  working  electrode  of  the  Ni-YSZ/YSZ/Ni-YSZ  half  cell. 
An  equivalent  circuit  model  is  proposed  to  interpret  the  impedance 
data  obtained.  Both  the  charge-transfer  resistance  and  the  diffu¬ 
sion  resistance  of  the  Ni-YSZ  electrode  dramatically  increase  with 
time  during  exposure  to  the  PH3 -containing  syngas.  The  diffusion 
resistance  increases  proportionally  faster  than  the  charge  transfer 
resistance.  The  electric  field  appears  to  accelerate  the  degradation 
of  the  Ni-YSZ  electrode.  During  exposure  to  the  dirty  syngas,  the 
phosphorus  species  derived  from  phosphine  react  with  Ni  and  Zr 
to  form  phosphates  in  the  Ni-YSZ  electrode,  which  suppresses  the 
electrocatalytic  activity  of  the  electrode.  The  incorporation  of  phos¬ 
phorus  into  the  electrode  and  the  subsequent  formation  of  the 
secondary  phases  cause  the  blockage  of  the  gas  diffusion  channels 
and  the  loss  of  the  charge  transport  pathways. 
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